Introduction {#s1}
============

Stress is a process of adaptation and reaction occurring when a person faces pressure or expected environmental change that threatens to disrupt organismal homeostasis (Ulrich-Lai and Herman, [@B55]; Lucassen et al., [@B33]). Stress activates the sympathetic nervous system and the hypothalamic-pituitary-adrenal (HPA) axis, which then maintains or restores homeostasis (Ulrich-Lai and Herman, [@B55]). The HPA axis is a complex system that may interact with neurotransmitters (Cullinan et al., [@B13]; Kalbitzer et al., [@B28]) and the immune system (Leonard, [@B31]); it is also regulated by the central nervous system, including the prefrontal cortex (PFC), hippocampus, and amygdala (Dedovic et al., [@B14]). Stress is related closely to health; people who experienced high stress levels in early life are at greater risk of developing mental disorders (Green et al., [@B20]), and recent stress contributes substantially to subsequent mental illness (Stroud et al., [@B51]).

Monoamine oxidase A (MAOA) is a mitochondrial enzyme involved in the catabolism of catecholamine neurotransmitters, including norepinephrine, serotonin, and dopamine (Buckholtz and Meyer-Lindenberg, [@B8]). The MAOA gene, located on the X chromosome (Xp11.23), has emerged as an important genetic factor in relation to mental illness (Fan et al., [@B18]; Naoi et al., [@B41]). MAOA transcriptional efficiency is impacted by the variable number of tandem repeats (VNTR) domain of the gene, such that lower expression of MAOA is seen in carriers of 2, 3, and 5 repeats (L alleles; MAOA-L) and higher expression of MAOA is seen in carriers of 3.5 and 4 repeats (H alleles; MAOA-H; Sabol et al., [@B46]). At present, the most consistent view is that MAOA-L carriage is associated with aggression, impulsive behavior, and antisocial personality disorders, especially in individuals who experienced childhood abuse (Caspi et al., [@B10]; Buckholtz and Meyer-Lindenberg, [@B8]; Byrd and Manuck, [@B9]). Although some evidence indicates that MAOA-H carriers are at greater risk of depression (Beach et al., [@B2]; Fan et al., [@B18]; Naoi et al., [@B41]), some researchers have expressed contrary opinions (Brummett et al., [@B7]; Marmorstein and Hart, [@B36]); besides, gene × sex interaction appears to affect the development of depression (Priess-Groben and Hyde, [@B44]) and anxiety (Voltas et al., [@B56]). Stress and its interaction with MAOA play important roles in the occurrence of these diseases.

Psychosocial stress, induced by social threats, is often caused by factors such as companion or family relationships, or occupational or financial pressure. It can put pressure on an individual, with psychosocial demands (Booth et al., [@B4]). Jabbi et al. ([@B25]) indicated that MAOA influences the regulation of the HPA axis response to acute psychological stress and endocrine challenges; they found that male MAOA-L carriers showed higher subjective stress levels than did their MAOA-H-carrying counterparts in a psychological stress task, whereas females showed the opposite pattern. In a combined dexamethasone and corticotrophin-releasing hormone challenge, MAOA-L carriers showed lesser glucocorticoid responses than did MAOA-H carriers, and males had greater responses than did females (Jabbi et al., [@B25]). Brummett et al. ([@B6]) found that MAOA-L individuals under chronic stress showed blunted HPA axis responses during the day, reflecting risk of HPA exhaustion. Existing evidence for the effect of MAOA on the HPA axis under stress conditions is inconsistent, possibly due to the use of different stimulation types (acute stress, chronic stress, and endocrine challenge) in previous studies.

Glucocorticoids are involved in the regulation of brain MAOA (Ou et al., [@B42]), through pathways such as those involving Kruppel-like factor 11 (KLF11) and cell division cycle-associated 7-like protein (R1). Glucocorticoids can increase KLF11 messenger RNA (mRNA) and protein levels, and KLF11 overexpression increases MAOA gene expression and enzymatic activity (Grunewald et al., [@B21]). R1 interacts with Sp1-binding sites in the MAOA promoter and represses transcription of the gene (Chen et al., [@B12]); glucocorticoids enhance MAOA expression by regulating R1 translocation and interacting with Sp1 or the R1 transcription factor on Sp1-binding sites of the MAOA promoter (Ou et al., [@B42]). In the brain, 5-hydroxytryptamine (5-HT) is degraded primarily by MAOA (Higuchi et al., [@B22]). Corticosterone decreases 5-HT~1A~ receptor expression in the hippocampus and increases 5-HT~2~ receptor expression in the frontal cortex (Takao et al., [@B54]). Maternal separation increases hippocampal serotonin turnover and glucocorticoid receptor expression (Higuchi et al., [@B22]). Animals under chronic stress showed increased MAOA levels and 5-hydroxyindoleacetic acid/5-HT ratios, which indicate serotonin turnover (Winberg and Lepage, [@B60]; Higuchi et al., [@B23]); long-term socially defeated mice showed elevated MAOA mRNA and serotonin transporter levels (Filipenko et al., [@B19]). 5-HT signals also influence the HPA axis; 5-HT inhibits hippocampal mineralocorticoid receptor synthesis (Semont et al., [@B48]), and its intracerebroventricular injection induces an increase in corticotropin-releasing hormone gene expression in the hypothalamic paraventricular nucleus in rats (Kageyama et al., [@B27]). However, acute social stress significantly reduces brain MAOA binding in humans (Soliman et al., [@B49]), suggesting that chronic and acute stress have different effects on brain MAOA levels. Taken together, these findings suggest that chronic stress and glucocorticoids are related to elevated MAOA levels and interact with the 5-HT system to regulate stress responses; acute stress has been found to reduce MAOA binding, activity, and protein levels in the brain, which may be an adaptive process and promote coping behavior in response to mild acute stress (Soliman et al., [@B49]).

The influence of the MAOA gene on the HPA axis may occur through the hippocampus and other limbic areas. Corticosteroids influence cells in the hippocampus through hippocampal glucocorticoid receptors (Bogdan et al., [@B3]), and chronic stress can cause hippocampal atrophy (Higuchi et al., [@B22]). Hippocampal MAOA levels and MAOA gene transcription were found to be significantly higher in burned mice than in control mice, and a MAOA inhibitor reversed depressive-like behavior and decreased the elevated expression of MAOA in the hippocampus in the burned mice (Wang et al., [@B58]). Increased MAOA protein levels in the hippocampus and depressive-like symptoms were also found in sleep-deprived mice (Wang et al., [@B59]). The inhibition of MAOA density by MAOA inhibitors has been observed in many brain regions, including the hippocampus, anterior cingulate cortex (ACC), PFC, and midbrain (Sacher et al., [@B47]). Selective MAOA inhibition reversed reduced hippocampal adult neurogenesis and dendritic plasticity induced by chronic stress in rats (Morais et al., [@B40]; Stefanovic et al., [@B50]). In humans, childhood stress interacts with the MAOA gene, resulting in differences in hippocampal activation during emotional tasks (Holz et al., [@B24]). Taken together, these findings indicate that the hippocampal concentration of MAOA is affected by various factors and may affect glucocorticoid receptors by targeting serotonin, and that the MAOA gene may influence the hippocampal MAOA concentration and subsequent effects on stress through the hippocampus.

Functional magnetic resonance imaging (fMRI) studies have shown that MAOA VNTR may impact brain functioning during various cognitive tasks. MAOA-L carriers showed greater responses in the amygdala, hippocampus, and dorsal ACC (dACC), and less activity in the PFC, during emotional arousal than did MAOA-H carriers (Meyer-Lindenberg et al., [@B38]; Denson et al., [@B16]; Holz et al., [@B24]); they have also shown greater orbitofrontal cortex activation during working memory task performance (Cerasa et al., [@B11]), and deficient activation of the ACC/dACC during an inhibitory control task (Meyer-Lindenberg et al., [@B38]; Passamonti et al., [@B43]; Sun et al., [@B52]). However, to our knowledge, no study has investigated whether the MAOA genotype influences brain activity during stress tasks.

In the current study, we administered an acute laboratory psychosocial stress task to healthy adults during fMRI. The Montreal Imaging Stress Task (MIST) used in this study is thought to be valid for the induction of stress, and has been used widely (Dedovic et al., [@B15]). We collected saliva for the measurement of cortisol levels before, during, and after the stress task. We hypothesized that significant differences would exist between MAOA genotype groups in areas of the brain associated with stress, including limbic areas and the ventromedial PFC (vmPFC), and that stress would influence the functional connectivity between the anterior hippocampus and other brain areas.

Materials and Methods {#s2}
=====================

Study participants were recruited from two colleges and the community in Changsha, Hunan, China, using posters and advertisements. All subjects were Chinese of Han ethnicity. The subjects underwent psychiatric evaluation using the Structured Clinical Interview for DSM-IV-TR Axis I Disorders, Patient Edition, administered by two independent psychiatrists. Exclusion criteria were as follows: (1) current or history of a DSM-IV-TR axis I disorder; (2) history of alcohol/substance abuse; (3) history of severe head injury or neurological illness, or a neurosurgical procedure; (4) IQ \<80, assessed by the Chinese version of the Wechsler Adult Intelligence Scale; and (5) female sex. Each participant was told the purpose of the study and signed an informed consent form. The study complied with the Declaration of Helsinki and was approved by the Ethics Committee of the Second Xiangya Hospital of Central South University.

Genotype {#s2-1}
--------

Trained researchers collected DNA samples from participants' exfoliated buccal cells with TIANamp Swab DNA kits (TIANGEN Biotech, Beijing, China), following standard procedures. MAOA-upstream VNTR genotypes were analyzed using polymerase chain reaction (PCR) in 25-μl reaction volumes containing 1 μl of DNA, 12.5 μl of GoTaq Green Master Mix (Promega Company, Madison, WI, USA), 1.2 μM of each primer (primer sequences, 5′-ACAGCCTGACCGTGGAGAAG-3′ and 5′-GAACGGACGCTCCATTCGGA-3′), and 9.5 μl of double-distilled H~2~O. The amplification protocol was as follows: warming to 95°C for 2 min, followed by 40 cycles at 94°C for 30 s, 59°C for 90 s, and 72°C for 60 s (Zhang et al., [@B61]). The reactions were performed in a Gene Amp PCR system 2400 (Applied Biosystems, Waltham, MA, USA). The PCR products were separated using electrophoreses on a 3% agarose gel, stained with Du Red (Biosharp, Carlsbad, CA, USA), and visualized under ultraviolet transillumination. Product sizes were determined by comparison with molecular length standards (50 bp ladder; TIANGEN Biotech).

MAOA alleles with 2, 3, and 5 repeats were categorized as having low activity (MAOA-L), whereas those with 3.5 and 4 repeats were categorized as having high activity (MAOA-H; Ma et al., [@B35]). On this basis, the subjects were divided into MAOA-L and MAOA-H groups. Two individuals independently performed allele classification; a third investigator reviewed the classifications when a consensus was lacking, and samples were rerun when the results were ambiguous.

Stress Task {#s2-2}
-----------

The MIST was administered using a block design with three imaging runs. Each run lasted 7 min and consisted of six blocks with three different conditions: a rest condition (30 s), during which subjects were asked only to watch the screen; a control condition (90 s), in which subjects were asked to solve arithmetic problems with no time requirement; and a stressful experimental condition (90 s), in which subjects were asked to solve arithmetic problems with a time limit while a countdown bar was displayed on the screen. The order of presentation in each run is rest--control--experimental--rest--control--experimental, with no interval between blocks. The experimental program was projected onto the screen in front of the subject, who responded by pressing buttons (two buttons for answer selection and one button to confirm the selection). The overall experimental procedure is shown in [Figure 1](#F1){ref-type="fig"} and described in the [Supplementary Material](#SM1){ref-type="supplementary-material"}. Investigators provided scripted negative verbal feedback after each run segment *via* headphones.

![Overview of the stress task. The colored bar at the top of the display represents the number of the subject's correct responses (top arrow = average performance, bottom arrow = individual subject's performance).](fnbeh-14-00065-g0001){#F1}

Psychological and Physiological Measures {#s2-3}
----------------------------------------

All subjects completed the State-Trait Anxiety Inventory, a widely used scale in psychological research (Li et al., [@B32]), before the stress task. Participants' subjective stress levels were assessed before the task began and after they had completed the three runs using a 0--10 visual analog scale (0 = absence of stress, 10 = maximal stress) with oral reporting. Changes in subjective stress were determined by subtracting the pre-stress from the post-stress values (Ming et al., [@B39]).

Salivary cortisol, a frequently used biomarker of psychological stress that correlates significantly with serum and plasma cortisol levels, was measured (Kirschbaum and Hellhammer, [@B29]; Aardal and Holm, [@B1]; Jung et al., [@B26]). Salivary cortisol measurement is used widely with psychological stress tasks such as the MIST and the Trier Social Stress Test (Dedovic et al., [@B15]; Vors et al., [@B57]). Saliva samples were collected with a Salivette (Sarstedt, Nümbrecht, Germany) at participants' time of arrival (Cort1), after 30 min of rest (Cort2), just before entering the fMRI scanner (Cort3), during anatomical imaging (Cort4), after MIST runs 1--3 (Cort5--7), and upon leaving the scanner (Cort8). To control for circadian fluctuations, scanning was performed between 2:00 and 5:00 pm. Cortisol concentrations were detected with a human cortisol enzyme-linked immunosorbent assay kit (Bio-Swamp, Shanghai, China). We subtracted Cort4 (the baseline cortisol level before the stress task) from Cort8 (the highest cortisol level after the stress task) and used this value to represent the summary measure of cortisol responses, as this method did not rely on the exact timing of repeated cortisol measurements (Ming et al., [@B39]).

Imaging {#s2-4}
-------

Scanning was conducted in a 3.0-T Siemens Magnetom Skyra scanner (Siemens Healthineers, Erlangen, Germany). Blood oxygen level--dependent data were acquired with an echoplanar imaging sequence using the following scanning parameters: repetition time = 2 s, echo time = 30 ms, flip angle = 80°, field of view = 256 × 256 mm^2^, matrix = 64 × 64, voxel size = 4 × 4 × 4 mm^3^, 32 slices, slice thickness = 4 mm, and slice gap = 1 mm.

Data Preprocessing and Statistical Analysis {#s2-5}
-------------------------------------------

The fMRI data were preprocessed in SPM12[^1^](#fn0001){ref-type="fn"}. First, images were corrected to the middle layer using slice timing and then realigned to the first image from each session with six-parameter rigid-body transformation to correct for movement artifacts. Second, we normalized the images to a standard EPI template (Montreal Neurological Institute coordinate system) with resampling into 3 × 3 × 3-mm^3^ voxels. Finally, the data were smoothed with a Gaussian kernel that was 6 mm full width at half maximum.

The preprocessed data were entered into a general linear model (GLM) in SPM12^1^. The GLM included the three conditions (rest, control, and experimental) and was run using the SPM12 default settings and the canonical hemodynamic response function with a high-pass filter of 210 (total time of a cycle of three conditions). Six motion parameters were included to model movement-correlated effects. In the first-level (within-subject) analyses, we determined the contrast "experimental vs. control" for region activation or deactivation when the subject experienced stress (Ming et al., [@B39]). The resulting contrast images were used in the second-level (between-subject) analyses. One-sample *t*-tests were used to illustrate brain activation during stress; two-sample *t*-tests were conducted to identify brain areas with different activity levels between the groups. Imaging differences between groups were corrected using the familywise error (FWE) rate at the cluster level with initial uncorrected *p* = 0.001 for multiple comparisons (FWE significance *p* ≤ 0.05). We used the Marsbar toolbox[^2^](#fn0002){ref-type="fn"} to extract activation values for brain areas that showed significant differences in two-sample *t*-tests. The demographic characteristics of the subjects and the cortisol concentrations and subjective stress values were analyzed using SPSS 18.0[^3^](#fn0003){ref-type="fn"}. Correlations of brain region activation with cortisol responses, subjective stress levels, and scale scores were examined using SPSS 18.0. *P*-values \< 0.05 were considered to be significant.

A psychophysiological interaction (PPI) analysis was performed to identify brain regions with different levels of anterior hippocampal functional connectivity between stress and control periods (Luo et al., [@B34]). Our reasons for choosing the bilateral anterior hippocampus were twofold: the hippocampus has an important function during stress regulation, and the MAOA concentration in the hippocampus is associated with stress. The peak voxel coordinates from the one-sample *t*-test results were used as landmarks for individual seed voxels (left: −24 −9 −24, right: 27 −12 −21). A spherical region of interest (ROI) with a 5-mm radius was defined around the peak voxel. The time series of each ROI was extracted and the PPI regressor was calculated as the element-by-element product of the mean-corrected activity of this ROI and a vector coding for the differential effect between the stress and control conditions. The GLM regressor of PPI analysis included the bold signal of ROI, the psychological variable (convolved task conditions), calculated PPI interaction terms, and the six motion parameters. The PPI regressors reflect the interaction between the psychological variable (stress or no stress) and the time course of anterior hippocampus activation. Images reflecting the effects of PPI between the anterior hippocampus and other brain areas reveal brain regions with altered strengths of correlation with the anterior hippocampus during the stress compared with the control condition. The PPI results were corrected using the FWE rate for multiple comparisons (significance at *p* ≤ 0.05).

Results {#s3}
=======

From an initial total of 109 subjects, eight were excluded from further analyses due to excessive head motion (≥2 mm or ≥2°). Thus, the final analysis included data from 101 subjects. The genotype distribution in our male sample was consistent with previous reports for Han Chinese samples. The characteristics of the genotype groups are presented in [Table 1](#T1){ref-type="table"}. The two groups did not differ in age, years of education, state anxiety score, or trait anxiety score.

###### 

Demographic characteristics of study participants.

                        L allele carriers (*N* = 58)   H allele carriers (*N* = 43)                          
  --------------------- ------------------------------ ------------------------------ ------- ------ ------- -------
  Age                   21.38                          1.56                           21.65   3.45   0.531   0.597
  Education             14.69                          2.05                           14.58   1.28   0.306   0.761
  State anxiety score   35.98                          6.31                           35.63   6.37   0.278   0.781
  Trait anxiety score   36.55                          5.74                           35.69   7.31   0.658   0.512

One-sample *t*-tests identified significant psychosocial stress--induced brain activation in all participants. Psychosocial stress induced by the MIST resulted in extensive activation in the temporal lobe, occipital lobe, frontal lobe, dACC, and insular cortex ([Figure 2A](#F2){ref-type="fig"}, [Supplementary Material](#SM1){ref-type="supplementary-material"}). Deactivation was detected in the vmPFC, subgenual ACC, anterior hippocampus, temporal pole, and angular gyrus ([Figure 2A](#F2){ref-type="fig"}, [Supplementary Material](#SM1){ref-type="supplementary-material"}).

![**(A)** Brain regions showing significant activation under the Montreal Imaging Stress Task (MIST) stress condition compared with the control condition (total cohort). **(B)** Brain regions showing significantly decreased functional connectivity with the left anterior hippocampus under the stress condition compared with the control condition (total cohort). **(C)** Brain regions showing significantly decreased functional connectivity with the right anterior hippocampus under the stress condition compared with the control condition (total cohort). Significance was determined based on voxel-wise familywise error (FWE)---corrected *p* \< 0.05; the colored bar indicates the *t* statistic.](fnbeh-14-00065-g0002){#F2}

PPI analysis showed that both groups had decreased functional connectivity under the stress condition compared with the control condition in the temporal lobe, occipital lobe, limbic lobe, vmPFC, and ACC ([Figures 2B,C](#F2){ref-type="fig"}, [Supplementary Material](#SM1){ref-type="supplementary-material"}). No brain area showed increased functional connectivity under the stress condition relative to the control condition, indicating that psychosocial stress tended to reduce the functional connectivity of the anterior hippocampus with other brain regions.

A two-sample *t*-test showed that MAOA-L carriers had reduced deactivation in the right anterior hippocampus compared with MAOA-H carriers ([Table 2](#T2){ref-type="table"}, [Figure 3](#F3){ref-type="fig"}). However, no area showed different functional connectivity between groups. The repeated-measures GLM of cortisol concentrations revealed a main effect of time (*F* = 31.592, *p* \< 0.001, partial *η*^2^ = 0.242), with the concentration elevated after the stress task ([Figure 4A](#F4){ref-type="fig"}). A main effect of group (*F* = 4.222, *p* = 0.043, partial *η*^2^ = 0.041) and group × time interaction (*F* = 2.175, *p* = 0.016, partial *η*^2^ = 0.032) were also evident, indicating a small, but significant, effect of the genotype ([Figure 4A](#F4){ref-type="fig"}). The repeated-measures GLM of the subjective stress level revealed a main effect of stress (*F* = 60.724, *p* \< 0.001, partial *η*^2^ = 0.380; [Figure 4B](#F4){ref-type="fig"}), but no group × stress interaction or main effect of group. The stress level and cortisol results indicate that the MIST successfully induced stress. Cortisol responses and state anxiety scores correlated negatively with activation in the hippocampus in all subjects (*r* = --0.241, *p* = 0.015 and *r* = --0.209, *p* = 0.036, respectively; [Figure 5](#F5){ref-type="fig"}).

###### 

Characteristics of greater activation of the right anterior hippocampus in L allele carriers.

  Brain region           Side   MNI coordinates   Cluster size   *t*   *P*~uncorrected~   *P*~FWE\ corrected~             
  ---------------------- ------ ----------------- -------------- ----- ------------------ --------------------- --------- -------
  Anterior hippocampus   R      27                −12            −18   135                5.16                  \<0.001   0.034

![**(A)** Brain activation in MAOA-L and MAOA-H carriers. Significance was determined based on uncorrected *p* \< 0.001 (FWE significance at *p* ≤ 0.05). **(B)** Mean beta values for significant clusters (in the right anterior hippocampus) between groups obtained by contrasting the rest condition with the control and stressful conditions.](fnbeh-14-00065-g0003){#F3}

![**(A)** Salivary cortisol concentrations and **(B)** subjective stress levels throughout the experiment: (1) on participant arrival, (2) after 30 min rest, (3) upon entering the scanner, (4) during anatomical imaging, (5--7) after MIST runs 1--3, and (8) upon leaving the scanner, \**p* \< 0.05.](fnbeh-14-00065-g0004){#F4}

![**(A)** Correlations of hippocampal activation under stress with **(A)** stress-induced cortisol responses and **(B)** state anxiety scores.](fnbeh-14-00065-g0005){#F5}

Discussion {#s4}
==========

In the current study, the cortisol response was elevated in MAOA-H carriers compared with MAOA-L carriers, and MAOA-L carriers showed enhanced neural activity in the right anterior hippocampus compared with MAOA-H carriers. This activity correlated negatively with cortisol responses and state anxiety. PPI analysis revealed decreased functional connectivity between the bilateral anterior hippocampus and brain regions including the limbic lobe, vmPFC, subgenual ACC, and posterior cingulate during stress.

We found decreased activation under stress of limbic system components, including the subgenual ACC, anterior hippocampus, and vmPFC, which are implicated in the regulation of the HPA axis (Ulrich-Lai and Herman, [@B55]), consistent with findings from other psychosocial stress studies (Pruessner et al., [@B45]; Kogler et al., [@B30]). These regions receive and integrate higher-order sensory processing and memory information from subcortical and cortical areas, and provide this information to downstream regions (Ulrich-Lai and Herman, [@B55]). We also found decreased functional connectivity between the bilateral anterior hippocampus and the vmPFC, subgenual ACC, posterior cingulate, and dACC under the stress condition compared with the control condition. The hippocampus is linked to inhibition of the HPA axis, possibly through inhibition of the paraventricular nucleus of the hypothalamus (Dedovic et al., [@B14]; Ulrich-Lai and Herman, [@B55]). Hippocampal stimulation reduces glucocorticoid secretion and hippocampal damage increases stress-induced glucocorticoid secretion in rats, and chronic stress causes atrophy of the hippocampus in humans (McEwen et al., [@B37]). Under stress, the activity and functional connectivity of the hippocampus may be reduced, disinhibiting the HPA axis and initiating stress hormone release (Pruessner et al., [@B45]). We found a negative correlation between hippocampal activation and cortisol secretion, which may comprise evidence supporting this possibility. Thus, greater hippocampal deactivation appears to be related to greater cortisol secretion and, in turn, a greater stress response.

Elevated cortisol responses and subjective stress in all participants after the stress task confirmed that the MIST effectively induced stress. The elevated cortisol response in MAOA-H carriers may reflect a greater stress response. In a previous study, male MAOA-L carriers had a greater subjective experience of stress while performing mental arithmetic, which is inconsistent with our result (Jabbi et al., [@B25]). However, MAOA-H carriers had higher plasma cortisol levels during an endocrine challenge in that study, which may indicate that they were more sensitive to stress (Jabbi et al., [@B25]). A possible explanation for this inconsistency is that the previous study included male and female participants, and healthy adults and those with depression under medication; this sample diversity, as well as the use of different methods to induce cortisol responses, may be related to the differences in results. We found no group difference in subjective stress, but we did observe differences in a more objective physiological indicator (i.e., cortisol), which may reflect healthy adults' good regulation and/or self-evaluation of stress.

Our finding of enhanced neural activity in the right anterior hippocampus and reduced cortisol response in MAOA-L carriers compared with MAOA-H carriers may be linked to the influence of the MAOA genotype on the HPA axis. Greater deactivation of the right hippocampus, leading to more disinhibition of the HPA axis and greater stress hormone release, may occur in MAOA-H carriers. Increased MAOA levels in the hippocampus may lead to depressive behavior in mice and rats after stress stimulation (Morais et al., [@B40]; Wang et al., [@B58]). The use of a MAOA inhibitor decreased MAOA levels and restored hippocampal neurogenesis and dendritic plasticity, which are impaired by chronic stress, in rats (Morais et al., [@B40]). These results suggest that stress leads to higher concentrations of MAOA and subsequent depressive symptoms. However, few studies have examined whether elevated concentrations of MAOA in the hippocampus predispose individuals to acute stress. In a positron emission tomography study, acute social stress induced significant reductions in MAOA binding in the brain, including in the PFC, hippocampus, ACC, thalamus, and midbrain, indicating rapid adaptation (Soliman et al., [@B49]); stress-induced decreases in MAOA binding and/or activity may contribute to increased monoamine expression, which is associated with normal behavioral stress responses and HPA axis activation (Soliman et al., [@B49]). MAOA-H carriage may be associated with greater transcriptional efficiency (Sabol et al., [@B46]), and thus a higher concentration of MAOA in the brain; higher MAOA levels in the hippocampus may lead to less adaptation to acute stress. Our finding of greater cortisol response in MAOA-H carriers may provide evidence supporting this argument. However, causal relationships need to be demonstrated in further experimental studies.

We found only a small effect of group on the cortisol response and no difference between groups in the subjective stress level. A plausible interpretation of these findings is that in our sample of healthy people with normal functional regulation of stress, and given the complexity of the stress system, the influence of the MAOA genotype may interact with other mechanisms, especially those of the COMT and 5HTTLPR genes, which influence the stress tasks (Jabbi et al., [@B25]; Doornbos et al., [@B17]; Bouma et al., [@B5]; Sun et al., [@B300]), also have shown gene × gene interaction in their effects on HPA axis function during acute stress, thereby generating smaller effects on behavioral phenotypes.

This study has some limitations. First, we did not include environmental factors in the analysis. Monoamine-sensitive developmental periods are related to the occurrence of depression, aggression, and other mental illnesses (Suri et al., [@B53]). Adverse circumstances in the early developmental years may have an important influence on the stress response in adulthood. Additional research is needed to assess the effects of gene--environment interactions on neural mechanisms, as well as intergene and multigene interactions with environmental factors. Second, as this study included only males, the results may not be applicable to females. The influence of the MAOA genotype on stress appears to differ between males and females (Jabbi et al., [@B25]). Another limitation is that our sample consisted of healthy people; further investigation is required to determine whether the results can be generalized to broader populations. Lastly, we did not balance the button pressing times of the two experimental conditions; the subjects had sufficient time to solve the math problem and then press the button under the control condition, whereas they did not always solve the problem and press the button in time under the experimental condition. However, we balanced the difficulty of the math problems to keep the accuracy rates under the two conditions within the preset ranges, as in earlier studies (Dedovic et al., [@B15]), which successfully induced stress.

In conclusion, we found that relative to MAOA-L carriers, MAOA-H carriers had greater cortisol responses and deactivation of the right hippocampus when performing the MIST. This increased right hippocampal deactivation may lead to greater disinhibition of the HPA axis and the initiation of greater stress hormone release under stress in MAOA-H carriers. Future studies should examine gene--environment interactions to better elucidate the importance of the MAOA genotype in stress response and management.
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